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and on the whole face surface, 
(10)
Here, KG and KQ are the kernel functions as follows; (13) 
These Eqs. indicate the difficulties of numerical analysis, due to the doubled singularities in the integral equations. As shown in Eqs. (9), (10) 
Including the whole geometrical factors (pitch , rake, offset etc. of the propeller), the vector of specified vortex grid point PGij on the camber surface of a reference blade is described as follows with respect to the origine of the co-ordinate system;
(17) where the subscripts i and j denote the indices of of spanwise and chordwise directions as shown in Fig. 5 . The control points PCBij and PCFij on the back and face surface of the blade are denoted by using the point PGij; on the camber surface with the unit normal vector nCij .; and half the blade thickness tij at the same point. Regarding the arrangements of singularities, the bound vortex and source elements are placed on the straight line segment between PGij; and PGi+1,j and the trailing vortex element on that between PGij and PGi,j+1, . A bound vortex and a couple of trailing elements constitute a horse-shoe vortex. The latter forms a set of helicoidal free vortices toward the infinitive downstream satisfying Kelvin's theorem at each vortex grid point on the blade.
Inflow and Induced Velocities
First, let us discretize the expression (1) to (3). The vector of inflow velocity Eq. (6) 
While for the wetted surface condition of Eqs.
(1), (2) the self-induced velocity from the source distribution is required. From Appendix 4 the following can be expressed.
Where, 
where J is chordwise index corresponding to the ordinate i as shown in Fig. 4 . The cavity thickness tcavij can be obtained at (34) Here to is half the blade thickness.
Results of Computation
In order to confirm the validity of the present method, the computation has been carried out for a Japanese standard propeller model (Table  1) with partially cavitating condition operating in a uniform flow.
The number of panels on the blade surface has been applied as follows:
11 elements along the chord 6 elements along the span (equal spacing), where the chord length is equally divided into 10 and, moreover, the nearest panel to the leading edge is divided equally.
It is required to increase the number of panels if one intends to improve the accuracy of the computation.
The number of panels described above has been determined by examining the balance between the accuracy and the cost of the computation for the present purposes.
Each element of bound vortex and line source has been placed on the quarter chord line and the control point on the midspan of three-quarter chord position on each panel according to J ames12) .
For the propeller wake geometry, the deformed model has been adopted which was introduced by the author11) combining the contraction and the classical wake models with the same pitch as the local blade pitch distributions. This is suggested to predict both the propeller performance and the slipstream over the wide range of propeller loading with sufficient accuracy.
Thus defining the arrangements of panel division and propeller wake geometry, the simultaneous Eqs. (29) to (32) can be solved by setting up an operating condition of the propeller.
Influence of Blade Loading
In order to confirm the tendency of the solu- tion toward the influence of blade loading, a simple pattern of sheet cavitation has been assumed (Trial-1 in Fig. 6 ) with the cavity end being zero. Fig. 7 shows the solutions of the cavitation number o-at three advance ratios. The results that the solution a. becomes higher in the case of fixed cavity length when the propeller loading increases, indicating the same characteristics of the actual phenomena.
The description "NonLinear Solution" in the figure means the results of iterative computation with respect to the denominator in Eq. (5). The Non-Linear Solution agrees with the Linear Solution in the region from the midspan to the tip of the blade. For the cavity length larger than 75%C (of the chord length) the solutions are also obtained with no sign of instability as in the solution of the basic two-dimensional cavitation theory. The results of cavity thickness show an optimal tendency from the fact that it becomes larger due to the increment of propeller loading.
The author is especially impressed that the cavity thickness around the tip region or at 0.9R reaches large enough, i.e. 10 to 25%C as shown. in Fig. 8 , because he introduced a three-dimensional correction factor to the solution of the twodimensional cavitation theory for that region of propeller blade cavitation in the previous paper. The correction factor, determined by investigating the full-scale measurements of cavity thickness, was multiplying by "five" the two-dimensional solution. The cavity thickness obtained by the two-dimensional theory is 2 to 3%C at that region in general. Since the present solution gains "five to ten" times that, it might be said that the prescribed correction factor "five" is correct.
Iteration for Cavity Shape
The computation has to be repeated to determine the cavity shape until the solution a. (7) reaches the value of given cavitation number o-s(r) at each radial section of a propeller blade. According to the comparison of both mentioned above ; show good agreement with the measurement13). From these considerations, the solution of the resent three-dimensional theory can yield good zesults for the maximum thickness of the partial cavity even if the cavity is assumed to separate at the leading edge.
In the present method the thickness of the full cavity end is supposed to vary in order to obtain. Here, the two-dimensional calculation has been carried out by using the interpolation method referred to in ref. 4 for the case that the cavity length increases beyond 75%C. Fig. 15 shows the good agreement between the present method and the two-dimensional method, but the result of the lift-equivalent method is rather close to the experiment. The reason for the difference between the present method and the experiment is thought to be caused by o-N being similar to the pressure distribution downstream the hollowed pressure near the leading edge on the blade. Accordingly, it should be noted that the observed sheet cavitation in the negative pressure region at the leading edge terminates around the hollowed pressure point of 10 to 20%C while the present result extends the cavity length to the trailing edge because of the slight difference between o-N and the pressure distribution.
Another reason could be that the sheet cavitation is shortened by the effect of the laminar boundary layer on the blade surface due to the model scale, because it was observed that the lower radial position of the sheet cavitation had no variation when or decreased. Therefore adopting the leading edge roughness as a turbulent stimulator, the expriment will be close to the present results. This is thought to be a proper problem with respect to the technique for model testing"). On reflection, the full scale observation may be rather close to the present method.
Concluding Remarks
A new theory on a cavitating propeller is proposed, treating the cavitation three-dimensionally, and using a lifting surface theory. A numerical method has also been developed based on this theory, applying the vortex lattice method and replacing the cavitation and the blade thickness by source elements, for a cavitating propeller operating in a uniform flow.
Based on the proposed theory, the following approaches are attempted. a) Discrete panels, vortex and source elements are placed on the camber surface to denote the blade loading and thickness effect including threedimensional cavitation, while the boundary con.-ditions are to be satisfied at the control points on both back and face surface of propeller blades. b) With respect to the self-induced velocity due to vortex distributions, the contributions from the chordwise elements are exactly considered together with that of the spanwise elements.
c) The induced velocities by the whole vortices and sources are taken into account on the cavity closure condition without simplification. d) To evaluate the present method, the calculations are carried out for a model propeller and compared with other prediction methods and the model test results.
The advantages of this method could be summerized as follows:
(1) At a certain loading condition, the solution cr(r) can reach the value of given cavitation. number as(r) by the iterative computation controlling the cavity length and the thickness of cavity end.
(2) The present method indicates no sign of the 75% chord length break down which is wellknown shortcoming in case of the two-dimensional cavitation theory.
(3) With respect to the cavity thickness around the tip region, three-dimensional effect can naturally be taken into account, and the results give the cavity shapes that are sufficiently close to the ones observed in full-scale measurements.
(4) The results show the possibilities to eliminate the overestimate for a thick profile around the blade root which is generally the case by the two-dimensional theory.
(5) As for the cavitation extent, the present method gives a good agreement with other prediction method by the modified two-dimensional theory, but shows disagreements with the model test results and also with the results by the lift-equivalent method.
This insufficient agreement of cavity extent between the present method and the model test may be caused by the effect of laminar boundary layer on the blade surface in the model test.
It is confirmed that the present method gives considerable improvements, in comparison with the conventional method, on the cavity thickness due to the three-dimensional flow. By examining the detailed characteristics of the present solution, it is however confirmed that the numerical computation is exactly performed. Thus, the discrete function method as vortex lattice concept is a powerful technique to solve such a complex problem which seems very difficult to solve by applying mode function method etc.
The induced velocity VGij(XkXk+1) at a control point Pij due to a vortex element XkXk+1 on a set of horse-shoe vortex which is constituted from mn-th bound vortex and a couple of trailing vortices can be expressed by the law of BiotSavart as follows: Hence, the superscripts S and W mean blade surface and free wake vortex sheet, M, N and NT N denote the numbers of spanwise, chordwise and free vortex elements respectively.
